Congreves, K. A., Voroney, R. P., O'Halloran, I. P. and Van Eerd, L. L. 2013. Broccoli residue-derived nitrogen immobilization following amendments of organic carbon: An incubation study. Can. J. Soil Sci. 93: 23Á31. Cole crops, compared with many other crops, can pose a high risk of N losses after harvest due to substantial quantities of readily mineralizable N in crop residues. Organic C amendments (OCA) may reduce N losses via immobilization; however, the synchrony of OCA decomposition and cole crop residue N mineralization is crucial. A soil incubation study evaluated net N and C mineralization of broccoli residue-derived N or fertilizer-derived N with three OCAs: wheat straw, yard waste, or used cooking oil, to predict N immobilization and the potential to mitigate post-harvest N losses. By the 56th d of incubation, broccoli residue mineralized 67.0 mg N kg (1 . In the broccoli residue-derived N treatments, wheat straw, yard waste, and used cooking oil significantly reduced the quantity of net N mineralization by 16.9, 12.3, and 86.0 mg N kg (1 , respectively. The net N mineralization data were fitted to a first-order exponential model, and the overall trend of OCA was negative, indicating immobilization, whether N was derived from broccoli residue or fertilizer. The order of effect from OCAs on N immobilization corresponded to the order of effect on net C mineralization, where wheat straw and yard waste were lower than used cooking oil. In broccoli residue treatments, compared with fertilizer, higher N immobilization occurred for used cooking oil, and higher net C mineralization occurred for used cooking oil and yard waste. The higher N immobilization and net C mineralization suggest that broccoli residue produced a synergistic effect on the decomposition of used cooking oil. Additionally, both broccoli residue and used cooking oil treatments had synchronous peaks of net C mineralization at 4 d. This study provides evidence to warrant field studies to confirm that the application of organic C, especially used cooking oil, after cole crop harvest may be a beneficial management practice to minimize soil N losses.
losses when producing many vegetable crops may be after harvest, due to the large quantities of N in the crop residue (Everaarts and De Willigen 1999a; Neetson et al. 1999; Bakker et al. 2009a) . While much research has been done to reduce N losses during the crop growing season (Everaarts 1993; Thompson et al. 2003; Bakker et al. 2009a) , there is a need to minimize N losses during the post-harvest season, when the risk of N losses is much greater.
Cole crops (Brassica vegetables) in particular, can pose a high risk of N losses during the post-harvest period, due to the large quantities of readily mineralizable N in the crop residue. Optimal broccoli yields are obtained with high N fertilizer rates, such as 270 to 550 kg N ha
(1 (Zebarth et al. 1995; Everaarts and De Willigen 1999b; Thompson et al. 2002; Yoldas et al. 2008; Bakker et al. 2009b ). Thus applications of 400 to 500 kg N ha
(1 are not atypical by growers. Broccoli plants accumulate large quantities of N, up to as much as 320 and 401 kg N ha
(1 in above-ground biomass with optimal N fertilizer rates (Thompson et al. 2002; Bakker et al. 2009a) , consequently leaving :100 to 330 kg N ha
(1 in the field as crop residue or soil mineral N (SMN) (Everaarts and De Willigen 1999a; Bakker et al. 2009a) . Potential post-harvest mineral N losses appear to be more related to crop residue N rather than N fertilizer remaining in the soil, as SMN at broccoli harvest typically ranges from 4 to 7 mg N kg
(1 in the top 30 cm depth with N fertilizer rates from 0 to 450 kg N ha
(1 (Bakker et al. 2009a ). Additionally, Everaarts and De Willigen (1999a) reported mineral N concentrations of 12 to 34 kg N ha
(1 in 0Á60 cm depth at harvest after the optimum banded N application (270 kg N ha
(1 ). Broccoli residue decomposition results in rapid N mineralization, which fits a first-order kinetics model and releases :35 to 60% of total N in broccoli residue . Thus, based on the 35 to 60% N release of broccoli residue (containing 100 to 330 kg N ha
(1 ), it is estimated that 35 to 198 kg N ha
(1 would be mineralized after harvest. Considering that the quantity of SMN is directly related to the vulnerability to N losses (Addiscott et al. 1991) , broccoli residue poses a significant risk of N losses during post-harvest period due to the large quantity of mineralizable N. A management practice of amending soil with organic C has the potential to immobilize N, thereby minimize N losses in agricultural systems. By redirecting organic C materials from waste streams, a new sustainable method of utilizing these materials may be developed. Research has demonstrated OCAs of wheat straw (Jawson and Elliot 1986; Mary et al. 1996; Bending and Turner 1999; Henriksen and Breland 1999) , yard waste (Hartz and Giannini 1998; Amlinger et al. 2003; Claassen and Carey 2004) , and oily food waste (Plante and Voroney 1998; Voroney 2003, 2004) reduced SMN levels via N immobilization. In the aforementioned studies, immobilized N was derived from fertilizers or indigenous SMN. There is potential to immobilize N derived from crop residue with the addition of organic C; however, the timing and rate of crop residue N mineralization relative to organic C decomposition will affect the mineral N dynamics. Co-application of a high N crop residue (groundnut) with a high carbon crop residue (rice straw) has been shown to reduce N losses (Kaewpradit et al. 2009 ).
The application of organic C with broccoli residue has not been investigated. The decomposition rates for broccoli residue alone, broccoli residue-derived N with organic C, and fertilizer-derived N with organic C must be investigated to assess the effectiveness of reducing SMN levels after broccoli harvest. Therefore, the objectives of this study were to evaluate the effects of three different OCAs (wheat straw, yard waste, and used cooking oil) on N dynamics (N mineralization) and microbial activity (C mineralization) under controlled laboratory conditions, when the source of N was derived from broccoli residue or fertilizer. This research could lead to the development of best management practices for more sustainable cole crop production by minimizing post-harvest soil N losses.
MATERIALS AND METHODS
Brookston clay loam (Orthic Humic Gleysol) soil from Ridgetown, Ontario, previously cropped to broccoli (Brassica oleracea L. var. italica cv. 'Ironman') was collected from 0Á15 cm depth at harvest in 2010. Soil characteristics were evaluated according to Carter and Gregorich (2008) , which included pH (1:1 vol vol
(1 method), organic matter (modified Walkley Black method), N (KCl extraction and colorimetric analysis method), P (Olsen bicarbonate extraction method), Ca, K, Mg (atomic absorption via ammonium acetate extraction), cation exchange capacity (estimated based on ammonium acetate extraction and pH), and soil texture (hydrometer method). The soil used in microcosms had a pH of 5.2, 28 000 mg of organic matter kg (1 , 58% sand, 18% silt, and 24% clay. Visible roots were removed from the soil sample by hand-picking and passing the soil through a 5-mm screen. The soil was dried at 608C for moisture content determination and preparation for the incubation study.
After harvest, eight broccoli plants (head removed, stem and leaves intact) were collected from the field. Intact plants were oven dried at 608C for moisture content determination and preparation for the incubation study, and dried tissue was hand chopped to B1 cm 2 . Broccoli stem pieces that were too tough to chop by hand were ground using a Wiley Mill (Thomas Scientific, Swedesboro, NJ) with a 2-mm-diameter opening screen mesh. Broccoli stem and leaf pieces were homogenized prior to the addition to soil.
The OCAs included locally sourced (Ridgetown, Ontario): recently harvested wheat straw, municipal yard waste, and restaurant used vegetable cooking oil. Solid OCAs were oven dried at 608C for moisture content determination, and hand chopped to approximately B1 cm 2 for use in the incubation study. The used cooking oil was mixed thoroughly prior to application to soil. The C:N ratios and N content of broccoli residue and OCAs (Table 1) were determined by dry combustion (Rutherford et al. 2008) , using a LECO CN analyzer (Leco Corporation, St. Joseph, MI).
Nitrogen Mineralization
For the N mineralization trial, a randomized complete block design was established with the experimental units randomized within four replications in each of eight time blocks, for destructive sampling of microcosms. The microcosms were set up in 250 mL glass jars each containing 60.0 g of dry soil. The soil was adjusted to 40% water holding capacity, as estimated by soil texture (Saxton et al. 1986) , by adding 7.20 mL distilled water to each jar, and pre-incubated for 3 d before any amendments were added. The broccoli residue-derived N treatments included: an unamended control, a control of 268 mg of dry broccoli residue (without any other amendments), and 268 mg of dry broccoli residue'each OCA (separate OCA treatments with weights equivalent to 207 mg of fresh weight, thus a dry weight of 177 mg of wheat straw, 157 mg of yard waste, and a fresh weight of 207 mg for used cooking oil). Additionally, fertilizerderived N treatments were established to serve for comparison to the broccoli residue-derived N treatments. In incubation studies, mineral N is typically added to establish sufficient SMN levels for microbial decomposition, such as in Rashid and Voroney (2004) . Thus, to investigate the timing of broccoli residue N mineralization in relation to the microbial N requirement for organic C decomposition, the fertilizer-derived N treatments included: fertilizer only (with 34 mg of NH 4 NO 3 ), 268 mg of dry broccoli residue '34 mg of NH 4 NO 3 , and 34 mg of NH 4 NO 3 'each OCA, at the respective, aforementioned rate.
The rate of broccoli crop residue application corresponds to 60 Mg ha
(1 fresh crop residue, a rate representative of field broccoli residue (Bakker et al. 2009a) yet greater than used in previous laboratory research . The rate of OCA corresponds to a field application rate of 5 Mg ha
(1 fresh organic carbon material and within the recommendations set by Rashid and Voroney (2004) for used cooking oil. The amounts of wheat straw, yard waste, and used cooking oil can be expressed as quantities of added C, with C loading rates of 1.2, 0.9, and 1.5 g C kg
(1 soil, respectively, and reflect a practical application rate at a field scale. The quantity of NH 4 NO 3 fertilizer added to attain sufficient levels of SMN was the calculated microbial N requirement (50 mg N kg
(1 ) for total decomposition of the broccoli residue, based on a microbial C:N ratio of 8:1, a C assimilation of one-third added C, an average C loading rate of 1.2 g C kg
(1 soil, and assuming negligible N will be supplied by OCAs.
At the incubation time zero (which was 3 d after soil wetting and pre-incubation), soil and amendments were mixed thoroughly to ensure homogeneity before the jars were closed with perforated gas-permeable Parafilm to minimize water loss. The microcosms were incubated in the dark, at room temperature (22938C). The jars were weighed weekly to assess moisture loss; distilled water was added approximately every 2 wk to maintain soil moisture.
The microcosms were destructively sampled by removing four replicates of each treatment in one time block on 1, 3, 7, 14, 21, 28, 42, and 56 d. Soil NO (1 soil. Net N mineralization of: (i) broccoli residue alone treatment was estimated as the difference of SMN in the broccoli residue alone and SMN in the unamended treatment, (ii) broccoli residue-derived N with OCA was estimated as the difference of SMN in broccoli residue-derived N with OCA and SMN in the unamended treatment, (iii) fertilizer-derived N with OCA (or broccoli residue) treatments was estimated as the difference of SMN of fertilizer-derived N with OCA (or broccoli residue) treatments and SMN in fertilizer alone treatment.
Carbon Mineralization
The design of the C mineralization trial was a randomized complete block with four replications. The treatments, soil quantity, and amendment weights were the same as the N mineralization trial. To ensure good aeration, soil was placed in a 250-mL volume container made of 1-mm 2 mesh screen aluminum, and sealed inside a 2-L glass jar. In each jar was a vial containing 20 mL of 1 M NaOH to trap evolved CO 2 , and a 20-mL vial of distilled water to maintain soil moisture. A set of two sealed 2-L jars with only NaOH and water vials were included to quantify background CO 2 levels. All microcosms were incubated in the dark at 22938C.
Non-destructive sampling occurred on 2, 4, 7, 10, 13, 17, 22, 28, 35, 42 and 56 d. Evolved CO 2 was determined by back-titrating NaOH with 0.5 M HCl using a phenolphthalein indicator, after the addition of 2 mL 1 M BaCl 2 . At each sampling day, the jars were opened for 30 to 60 min before replacing the NaOH traps and resealing the jar. Net C mineralization was expressed as a cumulative value in mg C kg (1 soil, as well as a rate of mg C kg
(1 soil d (1 . Net C mineralization was calculated in the same method as described for net N mineralization.
Statistical Analyses
The analyses were conducted with the PROC MIXED method in SAS (SAS Institute, Inc., version 9.2, Cary, NC). The net N mineralization data were subjected to an analysis of variance with fixed effects of treatment, incubation day, and treatment )incubation day interaction. Random effect was block(incubation day). The assumptions of a variance analysis were that model effects were additive and the errors were random, independent, normally distributed, mean of zero, and homogeneous. Assumptions were tested by plotting residuals of predicted by fixed effects and assessing normality with a ShapiroÁWilk test (Bowley 2008) . The presence of outliers was tested by comparing studentized residuals to Lund's critical value (Bowley 2008) . Treatment )incubation day interaction was partitioned into simple effects of treatment at the incubation day level of 56 d (final day) with an LSD test, and regression contrasts with an F-test. Significance was determined with a type 1 error rate of 0.05. A non-linear regression for a first order exponential model y 0A(1 Á exp (k(t) ) (y0net SMN, A0coefficient indicates amount of mineralizable N at 1 d, k0rate constant, t0incubation day) was fitted to the net N mineralization data and equation coefficients were determined with PROC NLIN. The net C mineralization and C mineralization rate data were subjected to a repeated measures analysis of variance with fixed effects of treatment, incubation day, and treatment )incubation day interaction. Random effect was block. The same assumptions of an analysis of variance were tested, as described above. Repeated measures analysis was conducted with treatment)block as the subject. The model included the generalized KenwardÁRoger correction to compute denominator degrees of freedom (Littell et al. 2002) . The default covariance structure of response variable was chosen, to render convergence of the complex model. To assess the predictive strength of a logistic regression, Efron's Pseudo R 2 (Efron 1978) was computed as the square of the correlation between the predicted and observed values. Net C mineralization rate data were partitioned into simple effects of treatment 4 d (peak) with an LSD test, and net C mineralization data were partitioned into simple effects of treatment 56 d (final day) with an LSD test. Significance was determined with a type 1 error rate of 0.05.
RESULTS AND DISCUSSION Mineral Nitrogen Concentrations
In the unamended control, SMN was 37.5 mg N kg (1 (4 d after rewetting) and continued to increase throughout the study. Numerous studies have found a SMN flush after re-wetting soil which was oven-dried (Birch 1959; Blagodatsky and Yevdokimov 1998) . A mineral N spike can be attributed to the drying of soil which disturbs microbial biomass, causes cellular lysis, and consequently a release of N from microbial biomass (Hans-Werner et al. 2004) , or N mineralization of broccoli roots. Thus, the flush of SMN on day 1 of the incubation in the unamended control observed in the present study was likely a reflection of soil drying prior to the experiment. Hence, all data were presented as net mineralization.
Throughout the time course, NH þ 4 -N levels were higher than expected (an average of 56% of SMN) considering that NH þ 4 is usually rapidly converted to NO ( 3 in most agricultural soils (Norton 2008) . The apparent low nitrifying activity was likely attributed to soil drying at 608C prior to the experiment, as well as the soil pH of 5.2. High soil temperatures (358C) can slow nitrifying activity (Myers 1975; Hasson et al. 1987) , and intermediate temperatures (15 to 258C) have resulted in maximum nitrification (Avrahami et al. 2003) . However, some differential responses of soil organisms after heating had led to the suggestion that chemoautotrophic nitrifiers may be less sensitive to heat than once believed (Hart et al. 2005 ). Bartlett and James (1980) acknowledge that oven-drying soil can be most convenient for laboratory practices, and soil may be re-moistened for a period prior to use. Fu et al. (1987) The effects of treatment, day, and treatment)day interaction were significant for net N mineralization (PB0.0001). The interaction signifies that the treatments produced different effects on N mineralization over time, likely a reflection of N immobilization vs. mineralization rates in different treatments. Because there was a significant interaction, a model was fitted to data from each treatment and the differences among treatments were also assessed on the 56 d of incubation.
Net Nitrogen Mineralization
By 56 d, broccoli residue alone resulted in the net mineralization of 67.0 mg N kg (1 , and the addition of fertilizer to broccoli residue did not significantly alter net N mineralization (Table 2) . Therefore, the quantity of N released from broccoli residue appears to be independent of the initial SMN levels. Based on total N in broccoli residue, 37% was apparently mineralized by 56 d. Similarly, De Neve and Hofman (1996) studied apparent N mineralization from broccoli residue parts (leaf blades, upper stem and lower stem) which ranged from :35 to 60% of total N, after 105 d of incubation. The sharpest rise in apparent broccoli N mineralization was in the first 1 to 3 d . Accordingly, by 1 d, 18% of total broccoli residue N was apparently released as mineral N in the current study.
After 56 d, net N mineralization of broccoli residue alone (67.0 mg N kg
(1 ) was significantly lowered by the amendments of wheat straw, yard waste, and used cooking oil by 16.9, 12.3, and 86.0 mg N kg (1 , respectively (Fig. 1, Table 2 ). The effect of OCA on net immobilization of broccoli residue-derived N followed the order of: used cooking oil wheat straw 0 yard waste, which corresponds to the trend from highest to lowest C:N ratio (Table 1 ) and the quantities of C added in each OCA. The order may therefore be a function of the organic carbon's decomposability.
The fertilizer alone treatment had a SMN concentration of 79.8 mg kg
(1 by 56 d. Net N mineralization after 56 d in each fertilizer-derived N with OCA treatment was lowered relative to the fertilizer alone by 28.3, 9.9, and 66.2 mg N kg
(1 with wheat straw, yard waste, and used cooking oil treatments, respectively ( Table 2 ). The effectiveness of OCA to immobilize fertilizer-derived N followed the order of: used cooking oil wheat straw yard waste, similar to the order observed with broccoli residue-derived N with OCA. Hence, the largest amount of N immobilization resulted with used cooking oil application, whether N was derived from broccoli residue or fertilizer.
When the source of N was derived from broccoli residue compared with fertilizer, net N immobilization was similar for the wheat straw and yard waste treatments yet immobilization was higher in the used cooking oil treatment (Table 2) . Compared with fertilizer, it appears that broccoli residue facilitated a synergistic effect on net N immobilization with used cooking oil, probably due to stimulation of microbial activity by the broccoli residue and/or microbial luxury N consumption. Mary et al. (1996) suggested that differences in microbial N assimilation exist, and were likely due to the type of decomposing microflora. Thus, it was possible that the suggested synergistic effect on N immobilization occurred for used cooking oil but not for wheat straw or yard waste due to the different microflora involved in primary decomposition of each OCA.
Although the result of net N immobilization with OCA application was consistent with other incubation studies, the level of N immobilization appears lower than previous research. Net N immobilization was 53Á65, 20Á50, and 200 mg N kg
(1 after the addition of maize straw (Recous et al. 1995) , compost (Hartz and Giannini 1998) , and used cooking oil (Plante and Voroney 1998), respectively. Net N mineralization data were fitted to a first-order exponential model (Table 3) . Unamended and N fertilizer alone treatments released 25.7 and 21.4 mg N kg ), respectively. The present estimated k coefficients for net N mineralization were 0.31 and 0.14 from broccoli residue alone or broccoli residue with fertilizer N, respectively (Table 3) . Previous research found broccoli residue mineralization fitted a similar first-order kinetics model, where rate constant values for separate broccoli plant parts (leaf blades, upper stem, lower stem) ranged from 0.635 to 1.697 . The discrepancy between De Neve and Hofman (1996) and our k constants may be due to fresh residue incorporation in non-air-dried soil compared with dry residue incorporation in dried and re-wetted soil, respectively. Drying soil retards the decomposition of added materials (Magid et al. 1999) , thus supporting the slower decomposition indicated by the lower rate constants in aÁe For each mineralization section, means followed by the same letter were not significantly different according to an LSD test of simple treatment effects.
the present study compared with De Neve and Hofman (1996) . Positive net N mineralization occurred in the broccoli residue alone and broccoli residue with fertilizer N, while negative net N mineralization, indicating N immobilization, occurred in broccoli residue-derived N and fertilizer-derived N with each OCA ( Fig. 1; Table 3 ). Therefore, the overall trend in net N mineralization with OCA was negative whether N was derived from broccoli residue or fertilizer. Similar to the patterns for net N mineralization in this study, previous research demonstrated net N immobilization with application of wheat straw (Jawson and Elliot 1986; Mary et al. 1996; Bending and Turner 1999; Henriksen and Breland 1999) , net immobilization of 39 mg N g
(1 C added as maize straw (Recous et al. 1995) , 1.2 to 5 mg N net immobilized per month after the application of compost yard waste (Claassen and Carey 2004) , and rapid N immobilization within 2 to 4 d of application of used cooking oil (Plante and Voroney 1998) .
In the broccoli residue-derived N with used cooking oil treatment, net N mineralization increased after 21 d (Fig. 1) suggesting re-mineralization of N from microbial biomass. Although the exponential model significantly fitted the data from 1 d to 56 d for the broccoli residuederived N with used cooking oil treatment (Table 3 ), a linear model of: y0(127'0.76(t) (y0net SMN, t 0incubation day), significantly fitted the data from 21 d to 56 d (r 2 00.31, P 00.0242). Thus, N remineralization occurred after 21 d. It was possible that (1 dry soil) as affected by organic carbon amendment with broccoli residue-derived N (left) or fertilizer-derived N (right), during the 56-d incubation. Data points represent the mean of observed values (n 04) and bars represent the standard error of the mean but may be smaller than the symbols. Table 3 . Effect of organic carbon amendment with broccoli residue-derived N or fertilizer-derived N on net N mineralization in the 56 d incubation 
), (y0net SMN, A0coefficient, k0rate constant, t 0day). All models presented were significant at P B0.0001. y Upper and lower confidence limits. a reduced quantity of easily oxidizable C or available N remained after 21 d, which triggered microbial death and turnover in the broccoli residue-derived N with the used cooking oil treatment. The pattern of N immobilization followed by re-mineralization with cooking oil was consistent with other laboratory (Smith 1974) and field (Rashid and Voroney 2003) studies. If the period of N immobilization coincides with periods of high risk for N losses in the field, a reduction in N losses may result. Future research should use field studies to investigate the effects of applying organic C and assess N losses after cole crop harvest and effects on subsequent crop production.
Net Carbon Mineralization
The effects of treatment, day, and treatment )day interaction were significant (P B0.0001) for net cumulative C mineralization. The interaction signifies that the treatments produced different effects on net C mineralization over time, likely a reflection of the differences in microbial activity with different treatments. Because there was a significant interaction, analysis focused on the 56-d net C mineralization measures, as well as the peak rates of net C mineralization. Unamended and fertilizer-alone treatments had negligible C mineralization over the study, (3.45 and 0.82 mg C kg
(1 , respectively), suggesting low levels of microbial activity due to the lack of readily mineralizable C.
The effect of OCAs on net C mineralization followed the order: used cooking oil wheat straw 0yard waste with broccoli residue-derived N, and the order: used cooking oil wheat straw yard waste with fertilizerderived N ( Fig. 2; Table 2 ). Amendments were added at an equivalent field rate of 5 Mg ha
(1 , which resulted in C loading rates of 1.2, 0.9, and 1.5 g C kg (1 soil for wheat straw, yard waste, and used cooking oil, respectively. When net C mineralization on 56 d was expressed as a proportion of C loading rates, OCAs with broccoli residue-derived N had net C mineralization of 118, 28, and 23 mg C kg
(1 , and with fertilizer-derived N had 104, 21, and 4.4 mg C kg
(1 from used cooking oil, wheat straw, and yard waste, respectively. Thus, the order of net C mineralization of OCAs was not influenced by the slightly different C loading rates but reflects the amendment's decomposability, and corresponds to the order of effect on N immobilization noted earlier, as well as the descending trend for C:N ratio (Table 1) . Based on the C loading rates, the CO 2 emitted, and the assumption that microbes have a C assimilation efficiency of approximately 30%, wheat straw, yard waste, and used cooking oil were up to 4, 3, and 16% decomposed after 8 wk of incubation with broccoli crop residue.
In soil amended with broccoli residue alone, the rate of peak net C mineralization occurred at 4 d with 10.0 mg C kg
(1 d (1 and was not significantly different from broccoli residue with fertilizer (Table 2) . When used cooking oil decomposed with broccoli residue-derived N or fertilizer-derived N, peak net C mineralization also occurred at 4 d, synchronous with that of broccoli residue alone (Table 2 ). Relative to broccoli residue or used cooking oil, lower rates of net C mineralization occurred in wheat straw and yard waste treatments with peaks after 7 d (Table 2) . Therefore, used cooking oil decomposed more rapidly than wheat straw and yard waste. The interpretation of results was not different if the peak rates were analyzed at 4 d or after 7 d for wheat straw and yard waste. It should be noted that peak level of net N immobilization in used cooking oil treatment coincided with peak rate of net C mineralization, akin to other research (Plante and Voroney 1998) . It therefore appears that used cooking oil, compared with the other OCAs, stimulated earlier microbial activity, which was most synchronous to that of broccoli residue.
Similarly, Jawson and Elliot (1986) found peak CO 2 evolution after 6 d of incubation of wheat straw added to soil, and Plante and Voroney (1998) found peak C mineralization rate near 4 d for decomposition of canola oil. Peak C mineralization rates from the decomposition of canola oil were 35 or 52 mg C kg
(1 soil h (1 (Plante and Voroney 1998), much higher than that of the present study. The discrepancy may be related to a lower microbial population establishment due to the soil drying pre-treatment, or the higher C loading rates of 6 and 13 g C kg
(1 soil in Plante and Voroney's study (1998) compared with 1.5 g C kg
(1 soil in our study. Plante and Voroney (1998) also found a higher extent of decomposition from oily food waste (36 to 40%) after 4 wk of incubation, compared with the current study.
The yard waste and used cooking oil treatments had a significantly greater quantity of net C mineralization when supplied with N derived from broccoli residue compared with fertilizer ( Table 2 ). The enhanced net C mineralization with broccoli residue-derived N with used cooking oil supports the synergistic effect of broccoli residue on net N immobilization, suggested earlier.
Although there was no enhanced N immobilization for yard waste with broccoli residue-derived N compared with yard waste with fertilizer-derived N, the net C mineralization data suggests that broccoli residue enhanced microbial activity during decomposition of yard waste, relative to fertilizer ( Table 2 ). Considering that yard waste is composed of more structural components, such as lignin, it likely had a greater quantity of less easily oxidizable C than the other OCAs. Thus, the addition of readily decomposable broccoli residue may have stimulated microbial growth, consequently promoting C mineralization of an otherwise more recalcitrant material, yard waste.
Overall Nitrogen and Carbon Dynamics
The quantity and rate of net N and C mineralization are dependent on the type of substrate, its C:N ratio, and quantity of C applied. In the present study, used cooking oil had the highest C:N ratio (Table 1) , and the most rapid decomposition. It is expected that the nature and particle size of each OCA influences N dynamics. Bending and Turner (1999) found that increasing surface area available for colonization induces earlier utilization of substrate by soil microbes. Liquid used cooking oil would have greater exposed surface area in soil compared with either solid wheat straw or yard waste, which may have contributed to earlier microbial activity in treatments containing used cooking oil compared with the other OCAs (Table 2) . Another possible explanation for the differences in N and C dynamics resulting from different OCA treatments may be that different types of microflora were involved in the primary decomposition of each substrate (Mary et al. 1996) .
CONCLUSION Broccoli residue appears to have had a synergistic effect on N immobilization with used cooking oil, and enhanced net C mineralization of both yard waste and used cooking oil. The synergistic effect suggests that a greater capacity of N immobilization and microbial activity may result when the organic carbon is incorporated with broccoli residue. Nitrogen re-mineralization of used cooking oil with broccoli residue should be explored with field studies to predict an optimal time of used cooking oil application, the potential to minimize postharvest N losses, and assess latent effects on subsequent crops. Based on the presented results, field experiments are recommended to examine wheat straw, yard waste, or used cooking oil as a management practice for reducing post-harvest N losses in cole crop production. Used cooking oil presents the most promise due to greater levels of net N immobilization and the synchronous peak net C mineralization with broccoli residue.
